Abstract: Propylene/propane and ethylene/ethane separations are performed by energy-intensive distillation processes, and membrane separation may provide substantial energy and capital cost savings. Zeolitic imidazolate frameworks (ZIFs) have emerged as promising membrane materials for olefin/paraffin separation due to their tunable pore size and chemistry property, and excellent chemical and thermal stability. In this review, we summarize the recent advances on ZIF membranes for propylene/propane and ethylene/ethane separations. Membrane fabrication methods such as in situ crystallization, seeded growth, counter-diffusion synthesis, interfacial microfluidic processing, vapor-phase and current-driven synthesis are presented. The gas permeation and separation characteristics and membrane stability are also discussed.
Introduction
With the global annual production above 200 million tonnes [1] , light olefins such as ethylene and propylene are the two highest volume feedstocks of chemical industry [2] [3] [4] [5] . They are mainly produced by steam cracking of paraffins including ethane, propane, and other light hydrocarbons. The separation of ethylene and propylene from their close-boiling paraffins is currently performed on a large scale by energy-intensive cryogenic distillation processes [2] [3] [4] . It was estimated that propylene/propane (C3) and ethylene/ethane (C2) separations based on distillation account for 0.3% of global energy use [1] . Many alternative less energy-intensive separation technologies such as extraction, adsorption, and membrane separation have been considered to supplement or replace distillations [6] [7] [8] [9] . Among them, membrane separation appears quite attractive owing to the advantages of continuous operation, small footprint, and low energy consumption [10, 11] .
A variety of membranes including polymeric, facilitated transport and microporous inorganic membranes have been explored for C3 and C2 separations. Polymer membranes remain the most studied candidate because of their low cost and ease of processing into membrane modules of high packing density such as hollow fibers [10] [11] [12] . The olefin/paraffin separations of polymer membranes have been discussed in detail in several review articles [3, 4, 11, 12] . Because of the permeability-selectivity tradeoff and the detrimental plasticization effect, the performance of polymer membranes at industrially relevant conditions such as high feed pressure is inadequate for practical applications. Facilitated transport membranes possess superior selectivity for olefins over paraffins due to the reversible chemical bonds formed between olefins and transition metal ions, but they suffer from instability issues associated with the poisoning of carrier agents [13] . Recently, microporous inorganic membranes composed of molecular sieves such as carbon molecular sieves (CMS) [14, 15] , silica [16] , zeolites [17] [18] [19] , and metal-organic frameworks (MOFs) [20] [21] [22] [23] have emerged as promising membrane candidates that combine high-resolution separation capability and excellent chemical/thermal stability. Among these materials, MOFs are a recent class of nanoporous materials constructed by metal ions/clusters coordinatively bridged by organic linkers [24] [25] [26] [27] . Compared to traditional porous solids such as zeolites and carbons, the intriguing reticular chemistry of MOFs has led to the discovery of a wide variety of nanoporous structures that possess tunable pore size and surface chemistry properties, which can translate to interesting separation properties [28] [29] [30] [31] . Therefore, MOFs have found applications in a broad range of membrane-based separation, purification, and reaction processes including gas separation [32] [33] [34] [35] , desalination [36, 37] , high-efficiency oil-water separation [38, 39] , organic solvent nanofiltration [40, 41] , pervaporation separation [42, 43] , pH-responsive switchable separation of similarly sized proteins [44] , and catalytic membrane reactors [45, 46] . In particular, zeolitic imidazolate frameworks (ZIFs), a subclass of MOFs, have shown great promise as membrane materials for olefin/paraffin separation [47, 48] .
ZIFs are composed of transition-metal ions bridged by imidazolate linkers in a manner similar to the Si-O bond in zeolites [28, 47, 49, 50] . The zeolite-like topology has endowed ZIFs with superior thermal and chemical stabilities to the MOFs reported earlier such as MOF-5. In addition, the aperture sizes of most ZIFs are precisely defined in the range of 3 to 5 Å, making them highly kinetically selective for gas molecules with sub-ångström size difference [49, 51, 52] . To use ZIFs for membrane applications, one approach is to incorporate nanoscale ZIF crystals in polymer membranes to form mixed matrix membranes (MMMs) (Figure 1a ) and the other is to fabricate continuous thin film ZIF membranes on top of macro or mesoporous supports (Figure 1b) . While the MMMs have scale up advantage, it is the supported ZIF membranes that can harness the full potential of the molecular recognition capability of ZIFs to achieve highly selective separation. These molecular sieving ZIF membranes have been extensively studies over the past few years, with focuses on making thin and defect-free membranes on various types of supports and understanding their structures and gas separation properties. Many of the progresses have been discussed in several review articles [18, 48, [53] [54] [55] . Here, we focus on the fabrication and application of supported ZIF membranes for olefin/paraffin separation. We will discuss the representative membrane fabrication methods, membrane structure, propylene/propane and ethylene/ethane separation characteristics, as well as membrane stability. 
ZIF Membranes for Propylene/Propane Separation
ZIFs were first discovered by Yaghi's group in 2006 [47] . ZIF-8 is one eminent example of ZIFs that consists of zinc ions connected by 2-methylimidazole linkers (Figure 2a,b) . The aperture size of the six-membered-ring in ZIF-8 framework is determined to be 3.4 Å by single-crystal X-ray diffraction. However, due to the flipping motion of the ligand upon pressure or the introduction of guest molecules, ZIF-8 does not exhibit sharp molecular sieving cut-off at 3.4 Å [56, 57] . Li and co-workers first studied the adsorption isotherm and kinetic uptake of propylene and propane in ZIF-8 crystals [51] . They found that, despite having a molecular size larger than 3.4 Å (van der Waals diameters: propylene = 4.03 Å, propane = 4.16 Å), both propylene and propane molecules can enter the pores of ZIF-8, eventually reaching similar adsorption equilibrium. However, the diffusion rate coefficient of propylene is more than 100 times higher that of propane ((D (propylene) /D (propane) = 125)) (Figure 2c ), suggesting the great potential for the kinetic separation of C3 molecules. This unexpected molecular sieving property was further confirmed by other computational and experimental studies [52, 58, 59] . Through kinetic uptake rate measurements, the propylene and propane diffusivities of ZIF-8 calculated by Koros' group are 2.9 × 10 −8 cm 2 /s and 2.0 × 10 −10 cm 2 /s, respectively [52] . Thus, the effective aperture size of ZIF-8 was revealed to be in the range of 4.0 to 4.2 Å, between the molecular diameters of propylene and propane (Figure 2d ). Based on their calculations, the propylene/propane ideal selectivity of ZIF-8 membrane was predicted to be~130. The first ZIF-8 membrane was prepared by Caro's group in 2009 and the membrane showed excellent hydrogen separation properties [60] . Lai and co-worker were the first to report the propylene/propane separation property of ZIF-8 membranes, which exhibited an average separation factor above 30 [61] . The separation performances, in terms of propylene permeability and propylene/propane selectivity, have surpassed the performance upper bound of polymer and carbon molecular sieve membranes [61] . Since then, ZIF membranes, particularly ZIF-8 membranes have attracted extensive attention for C3 separation.
ZIF-8 Membranes for C3 Separation: Membrane Synthesis
Continuous research efforts have led to the successful development of various reliable techniques for the fabrication of ZIF membranes. Here in this review, we focus on those representative ones ( Figure 3 ). The methods developed for zeolite membranes such as in situ crystallization and seeded growth have proven effective for ZIF membranes as well. Meanwhile, the unique coordination chemistry has enabled the design of new approaches specifically suitable for ZIF membranes. Unlike the hydrothermal synthesis of many zeolites, the formation of ZIFs does not require the use of templates or the subsequent high temperature template removal process. Therefore, ZIF membranes can be prepared and activated at mild conditions such as at low temperatures in liquid medium of low toxicity or even in gas phase. Moreover, the inorganic-organic hybrid nature endows ZIFs with much improved compatibility with polymers, favoring the formation of high quality ZIF membranes on low-cost and scalable polymer supports. In order to achieve high permeance, the common challenge in all membrane synthesis approaches is to reduce the membrane thickness without forming defects that may compromise selectivity. 
In Situ Crystallization
In situ crystallization is a method widely used for zeolite membranes, in which the support is directly brought in contact with the precursor solutions for the heterogeneous nucleation and growth of a continuous membrane layer on the support surface. This method was adapted by Caro's group to synthesize ZIF-8 membranes on ceramic supports [60] . Using methanol as the solvent, a crack-free polycrystalline ZIF-8 membrane was prepared on a porous titania support by microwave-assisted in situ solvothermal synthesis. Because of its smaller diameter than the commonly used dimethylformamide (DMF) solvent and the weak interaction with the ZIF-8 framework, methanol can be easily removed from the frameworks without creating large stress to the membrane layer that may cause cracks. Sodium formate was added in the synthesis solution to promote the deprotonation of 2-methylimidazole ligand facilitating the crystal growth [60, 62] . The ZIF-8 membrane synthesized has a thickness of~30 µm and show molecular sieving properties for hydrogen separation with a H 2 /CH 4 mixture separation factor of 11.2. In situ synthesis can also produce ZIF membranes on tubular or even hollow fiber supports. For example, Xu and co-workers prepared ZIF-8 membranes on the outer surface of ceramic hollow fiber supports using in situ method [63] . The nucleation and growth rates were carefully controlled by varying the composition of the precursor solution and the synthesis temperature. The hollow fiber supported membrane exhibited a H 2 /CO 2 separation factor of 11.67 for the separation of 50%/50% H 2 /CO 2 mixture.
In situ crystallization is a simple approach but multiple times of synthesis are typically required to ensure good membrane integrity. Therefore, surface modification of the support using covalent linkers (such as propyltriethoxysilane (APTES) [64, 65] , 3-(2-imidazolin-1-yl)propyltriethoxysilane (IPTES) [66] and polydopamine [67] ) and ZnO [68, 69] has been employed to promote local supersaturation and heterogeneous nucleation on the support surface. In particular, inspired by the bioadhesion ability of marine mussels, Caro and co-workers developed a versatile surface modification strategy using polydopamine as a covalent linker between the ZIF membrane and support [67] . Through simply immersing the support in a buffered aqueous dopamine solution (pH = 8.5) for 20 h at room temperature, the polymerization of dopamine takes place spontaneously forming polydopamine which is simultaneously deposited on the support surface (Figure 4a-d) . During the subsequent in situ synthesis, ZIF nutrients are attracted to the support surface forming strong covalent chemical bonds with polydopamine, thus significantly facilitating the nucleation and growth of uniform and continuous membranes. The resulting ZIF-8 membrane has a thickness of~20 µm and a H 2 /C 3 H 8 selectivity of 700 with a H 2 permeance higher than 1.8 × 10 −7 mol·Pa −1 ·m −2 ·s −1 . Surface functionalization can be applied to tubular supports as well [66, 70, 71] . For example, Tanaka et al. used IPTES to modify porous α-alumina tubular supports [66] , creating a pseudo-surface of ZIF-8 that contains imidazoline groups to coordinate with Zn acting as nucleation sites. The grain size within the resulting ZIF-8 membrane as well as the propylene/propane separation properties can be controlled by the graft density of IPTES. 
Seeded Growth
Compared to in situ synthesis, seeded growth offers a better control of the membrane formation and quality by decoupling the nucleation and growth steps. In this method, nanoscale ZIF crystals are first synthesized and coated on the surface of a support via different dip-coating, rubbing or directly synthesis techniques followed by hydro-or solvothermal synthesis to grow the seeds into a continuous thin film. ZIF-8 seed crystals with particle size smaller than 100 nm can be easily synthesized [72] [73] [74] . Heat treatment is sometimes employed to enhance the bonding between the support and the seeds layer. The secondary growth reported earlier was typically carried out through solvothermal synthesis at a temperature higher than 100 • C using DMF or methanol as the solvents. Lai and co-workers developed the synthesis of ZIF-8 crystals in aqueous solution [75, 76] , which is more environmental friendly and cost-effective. They later adapted the room temperature aqueous synthesis for the secondary growth of membranes, and prepared thin (~2 µm) ZIF-8 membranes on alumina supports (Figure 5a-c) [61, 77] . Because of the much reduced membrane thickness, their membranes showed a high hydrogen permeance up to~4 × 10 −7 mol·Pa −1 ·m −2 ·s −1 . More importantly, the thin ZIF-8 membrane showed a propylene permeance of up to 2.06 × 10 −8 mol·Pa −1 ·m −2 ·s −1 and a propylene/propane separation factor up to 45 at 22 • C. This was the first report of C3 separation using ZIF-8 membranes. The overall membrane performance in terms of mixture selectivity and propylene permeability (calculated from permeance and membrane thickness) have overcome the performance limits of polymer and CMS membranes (Figure 5c ). Later, Liu et al. attempted to facilitate the membrane growth in aqueous solution by performing the synthesis at a higher temperature (120 • C), and a mixture separation factor of~30 was obtained [78] . In order to further improve the membrane reproducibility, Pan et al. introduced a methanol exchange step to replace the water molecules occluded inside the framework after membrane growth. Coupled with drying under saturated methanol pressure, the separation factor was dramatically enhanced from 31 to 89 [79] . Jeong and co-workers developed a microwave-assisted seeding method to enhance the interaction between the seeds and the substrate. Subsequent secondary growth of the seeds layers led to highly propylene-selective ZIF-8 membranes with an average propylene/propane selectivity of~40 [80] . Seeded growth has also been used to prepare high quality ZIF-8 membranes on supports of different materials and geometries [69, [80] [81] [82] [83] . For example, Pan et al. reported the synthesis of 2 µm thin ZIF-8 membranes on the outer surface of yttria-stabilized zirconia (YSZ) hollow fibers [84] . Due to the thin membrane thickness and low transport resistance of the hollow fiber support, the membranes showed a high hydrogen permeance of around 1.0 × 10 −6 mol·Pa −1 ·m −2 ·s −1 and a H 2 /C 3 H 8 ideal selectivity above 500. For the first time, Jin's group successfully prepared ZIF-8 membrane on the inner surface of alumina hollow fiber supports using seeded growth method [85] . Unlike prior coating-based seeding techniques, the seeds layer in their work was directly synthesized on the inner surface of the fiber via flowing a seeding synthesis solution through the lumen of the hollow fiber. The secondary growth was performed in a similar manner but for an extended period of time.
Counter-Diffusion Synthesis
One unique property about the synthesis of ZIFs is the fast reaction between the metal and ligand precursors without the need of external structure directing agents (SDA). This allows the implementation of many new ideas to obtain membranes with even improved separation performance. One approach of particular interest is based on a counter-diffusion concept developed by Wang and Yao [86] . In their method, a nylon support was used to separate the zinc and linker solutions as shown in Figure 6a . Crystallization takes place once the precursor solutions diffuse through the support and react on both sides of the support. Synthesis conditions, including solution concentration and synthesis temperature, can be varied to tailor the membrane thickness and microstructure. This method enables the formation of a continuous ZIF-8 membrane on the zinc precursor side of the flexible nylon support. Jeong's group improved this method and developed an in situ synthesis approach based on the counter-diffusion concept [87] . In their method (Figure 6b ), the porous alumina support is first soaked in the zinc salt solution and then transferred to the linker solution for solvothermal synthesis. During synthesis, the zinc ions diffuse from the support pores to the solution while the linkers diffuse in the opposite direction. They meet and react at the surface of the support, forming a continuous well-intergrown membrane. The prepared ZIF-8 membranes showed a high propylene/propane (50/50) mixture selectivity of~55. The membranes also exhibited strong mechanical stability as evidenced by the almost unchanged separation performance after 2 h intensive sonication treatment. In addition, this method is capable of healing the defects in a poorly grown membrane and it can also be used to synthesize other types of membranes such as ZIF-7 and SIM-1 membranes [87] . In their following study, through optimizing the synthesis variables including the sodium formate to ligand ratio and the nature of the salts, the membrane separation factor was improved to 70 while maintaining a high propylene permeance of 2.68 × 10 −8 mol·Pa −1 ·m −2 ·s −1 [88] . This counter-diffusion in situ synthesis is a simple and versatile method that allows the rapid formation of well-intergrown ZIF-8 membranes with enhanced microstructure. This method has been adopted by other research groups [89, 90] . For example, using a modified counter-diffusion approach, Hara and co-workers synthesized ZIF-8 membranes on a-alumina hollow capillary substrates for propylene/propane separation [90] [91] [92] . [86] . (b) Scheme of the counter-diffusion-based in situ membrane synthesis method [87] : (1) A porous support pre-saturated with the zinc precursor is placed in the ligand solution containing sodium formate; (2) the diffusion of zinc ions and ligand molecules in the opposite directions forms a "reaction zone" near the support surface; and (3) rapid heterogeneous nucleation/crystal growth leads to a continuous membrane.
Interfacial Microfluidic Processing
Similar to zeolite membranes, most high quality ZIF membranes were prepared on ceramic substrates. Despite the excellent separation performance, high membrane cost imposed by the underlying ceramic support has hindered the industrial applications of ZIF membranes for gas separations. This issue can be addressed by replacing the ceramic support with more cost-effective and scalable polymer hollow fibers which can be processed into membrane module of high packing density. However, it was difficult to synthesize high quality ZIF membranes on polymer hollow fibers using the traditional in situ and seeded growth methods. In order to overcome this challenge, Nair, Jones, and co-workers developed an interfacial microfluidic membrane processing (IMMP) method that allows the fabrication and positional control of ZIF-8 membranes in polymeric hollow fibers [93] . In this method (Figure 7a-c) , a dilute zinc nitrate hexahydrate/1-octanol solution was flowed through the bore of the fiber while a concentrated aqueous 2-methylimidazole (2-mIm) solution was present on the shell side. The membrane growth can be controlled by the flow conditions of the bore solutions. Highly intergrown ZIF-8 membranes were formed on the inner surface of the fiber when an initial continuous flow followed by static growth phases was used for the bore solution. This method has several important advantages including (1) in situ synthesis of ZIF membranes in the membrane module; (2) control of the membrane position through a two-solvent interfacial approach; and (3) controlled supply and replenishment of the reactants inside the hollow fiber bore using microfluidic technique. The mechanism and engineering of the interfacial microfluidic processing method was further investigated by Nair's and other research groups [94] [95] [96] [97] [98] . Under the optimized conditions, highly selective ZIF-8 membrane with a C 3 H 6 /C 3 H 8 separation factor of 180 (at 1 bar and 25 • C) was achieved on poly(amide-imide) hollow fibers by the IMMP method [95] . Recently, through the combination of microwave assisted rapid-seeding and microfluidic secondary growth, Lee et al. fabricated ultrathin ZIF-8 membranes (~800 nm) on either the bore or shell side of hollow fiber supports [99] . 
Vapor-Phase Processing
All the methods discussed above rely on solution-based processing steps, which are difficult to reliably scale up due to cost and environmental disadvantages [100] [101] [102] . For example, in most cases, large quantities of chemicals are required for the membrane synthesis because a significant amount of nutrients is consumed by the unavoidable homogeneous nucleation and growth of ZIFs in the liquid phase. In addition to increasing the membrane fabrication cost, the use of toxic solvents such as methanol and DMF in some processes also poses environmental risks. Therefore, replacing the hydrothermal or solvothermal synthesis with solution-free processing has cost and environmental advantages and are more promising for scale-up. The vapor-phase synthesis approach and its benefits have been demonstrated by zeolite membranes [100, 103, 104] . Recently, Stassen et al. reported a chemical vapor deposition process for the fabrication of ZIF thin films on silicon wafers for microelectronic applications [105] . This technique combines atomic layer deposition (ALD) of ZnO films and ligand vapor treatment using methylimidazole to partially convert the ZnO to ZIF-8. Inspired by this work, different groups have incorporated the concept of vapor-phase synthesis into the fabrication of ZIF membranes on porous substrates for separation applications [101, 102, 106 ]. Jeong's group developed a vapor-phase secondary growth method to fabricate thin ZIF-8 membranes supported on porous α-alumina supports for propylene/propane separation [101] . In their method, a mixture of 2-methylimidazole and water vapors was used to treat a seeds layer of ZIF-8 crystals made by microwave synthesis. Upon vapor treatment, the crystals undergo an Ostwald-ripening-like process where bigger ZIF-8 crystals grow at the expense of smaller ones, forming a continuous thin film. One of the membranes prepared by this method exhibited a high propylene/propane separation factor of~120. Later, Li et al. reported a gel-vapor deposition method for the production of ultrathin ZIF-8 membranes on polymeric hollow fiber supports [106] . A sol-gel method was used to deposit a Zn-based gel layer on ammoniated PVDF hollow fibers, followed by a ligand vapor treatment at 150 • C to convert the Zn gel to ZIF-8 layer. The resulting membrane exhibited a propylene permeance up to 2.8 × 10 −7 mol·Pa −1 ·m −2 ·s −1 , the highest permeance reported for ZIF-8 membranes, while at the same time showing a high C 3 H 6 /C 3 H 8 permselectivity of 67.2.
More recently, Ma, Tsapatsis, and their colleagues developed an all-vapor-phase approach for the fabrication of high performance ZIF-8 membranes on α-alumina macroporous substrate which has a~5 µm γ-alumina mesoporous layer coated on the surface [102] . Their method is based on the combination of the deposition of ZnO inside the support pores using ALD technique and a vapor ligand treatment to transform the ZnO deposits to a selective ZIF membrane (Figure 8a-d) . During ALD, the metal oxide precursor, diethylzinc reacts with the surface hydroxyl groups of the γ-alumina layer and the subsequent introduction of water vapor yields hydroxylated zinc oxide. After 10 ALD cycles, the ZnO deposits have almost completely blocked the 2-5 nm mesopores of the γ-alumina layer, resulting in an impermeable and nonselective ZnO-alumina composite support (as shown in Figure 8c ). After treatment of the support using 2-methylimidazole vapors generated by the sublimation of ligand powders, ZnO deposits were transformed to ZIF-8 membranes that are highly selective and permeable to propylene (Figure 8d ). The authors named this transformation process from a nonselective and impermeable deposit to a selective membrane as ligand-induced permselectivation (LIPS). In addition to the high propylene flux and high separation factor, the membranes prepared by LIPS also demonstrated stable performance in propylene/propane mixture separation tests under a feed pressure from 1 to 7 atm. This new method has completely eliminated the use of solutions during membrane fabrication and is shown to be simple and highly reliable. It potentially can be used for the fabrication of other MOF and ZIF membranes. 
Current-Driven Synthesis
As discussed, the as-prepared ZIF-8 crystals via conventional hydrothermal synthesis possess intrinsic flexibility because of the linker mobility. It was suggested that ZIF-8 membrane performance can be improved by suppressing the linker motion [107] . Recently, Knebel, Caro, and co-workers reported that ZIF-8 structure can be transformed into polymorphs with more rigid lattices by applying an external electric field (E-field) [108] . Under E-filed, the ZIF-8 lattices are distorted from cubic (I-43m space group) to monoclinic (Cm space group) and triclinic (R3m space group) polymorphs, accompanied by the change of ZIF-8 pore diameter from 3.4 to 3.6 and 3.1 Å (Figure 9a ). Of particular interest is the Cm phase with strengthened framework and sharpened molecular sieving for propylene/propane separation. More recently, Wang's group developed an electrochemical method named "fast current driven synthesis" (FCDS) for the fabrication of ZIF-8 membranes on porous conductive supports (Figure 9b ) [109] . It was revealed that approximately 60% to 70% of the ZIF-8 synthesized belongs to the ZIF-8_Cm polymorph with suppressed linker mobility. Hence, the membrane exhibited a dramatically enhanced propylene/propane separation factor up to 300 with a propylene permeance of 1.74 × 10 −8 mol·Pa −1 ·m −2 ·s −1 . This method was then extended to prepare mixed-linker ZIF-7-8 membrane with improved molecular sieving capability for CO 2 /CH 4 separation [110] . These results have demonstrated the great potential of the current-driven method. In summary, improving existing membrane synthesis methods and inventing new approaches are the most active topics in the field of ZIF membranes. As shown in Table 1 , membranes made by in situ synthesis typically have a relatively large thickness and were mainly studied for hydrogen separations. Seeded growth has reduced the membrane thickness down to~2 µm while simultaneously offering excellent propylene/propane separation properties. The separation performances were enhanced by emerging membrane synthesis methods, particularly the recently developed all-vapor ligand-induced permselectivation (LIPS) and fast current driven synthesis (FCDS). The full potential of these new approaches needs to be further exploited. On the other hand, each synthesis method involves many parameters (reaction temperature, time, reactant ratio, etc.) determining the membrane structure and property. It is a cumbersome but necessary task to comprehensively investigate their effects using the conventional approach by varying one parameter at a time. This limitation can be overcome by using a statistical approach based on design of experiments (DoE), in which all factors, randomization and replication of experiments are varied simultaneously [111] [112] [113] . In the field of membrane science [113, 114] , DoE allows for the identification of the most relevant parameters and interactions affecting membrane synthesis with a reduced number of experiments. This powerful and efficient statistical approach should also be incorporated into the fabrication of ZIF membranes to facilitate the optimization of synthesis parameters to improve membrane performance and reduce production cost. 
ZIF-8 Membranes for C3 Separation: Permeation Characteristic and Stability
In most studies, membrane permeance and selectivity/separation factor were measured at room temperature using Wicke-Kallenbach method, in which a 50/50 propylene/propane mixture is used on the feed side with the permeate side swept by 1 atm inert gas such as Ar, He or N 2 [61] . This standard measurement has facilitated the performance comparison between membranes made by different research groups. However, membrane separations in industry are typically performed at more complex conditions under different temperatures, feed pressures, feed compositions and with no sweep on the permeate. For example, propylene/propane separation is often operated on the output of refinery steam crackers or on petrochemical purge streams, both of which are typically at elevated pressures (100−150 psia) [116] . On the other hand, increasing the feed pressure in membrane separation process will increase the pressure ratio (the ratio of feed to permeate pressures) which usually leads to a much higher flux and a significant reduction of the required membrane area [117, 118] . Another membrane characteristic required for practical application is the long-term membrane stability. Therefore, it is of practical importance to investigate the propylene/propane separation performance under different operation conditions, especially under high feed pressure, as well as evaluate the stability of membrane performance under continuous separation.
Lai's group studied the feed composition (or propylene fraction in the feed) and temperature dependency of propylene/propane separation for ZIF-8 membranes prepared on alumina supports [61] . Atmosphere pressure was applied to both sides of the membrane and helium was used as sweep gas. In a wide temperature range from −15 • C to 180 • C as shown in Figure 10a , both propylene permeance and propylene/propane separation factor decreased as the increase of temperature. Liu et al. systematically investigated the propylene/propane permeation and separation characteristics of ZIF-8 membranes in comparison with the gas transport properties of ZIF-8 crystals [78] . Similar temperature dependence was observed for single component permeance of propylene and propylene/propane perm-selectivity (Figure 10b) . The temperature dependence observed by these two groups is consistent with the combined effects of temperature on the adsorption and diffusion of the gas molecules for ZIF-8 membrane. The heat of adsorption for propylene (30 kJ/mol) is higher than the activation energy of diffusion (9.7 kJ/mol), while for propane the heat of adsorption (34 kJ/mol) is smaller than the activation energy of diffusion (74.1 kJ/mol) [51] . Consequently, propylene permeance decreases with increasing temperature while propane permeance shows an opposite dependence, resulting in a decreasing selectivity. Changes in feed pressure and feed composition affect the adsorption properties (solubility) of the gas molecules in the membrane. In the study on the pressure dependence in a range from 1 atm to~5 atm for a high quality ZIF-8 membrane prepared by secondary growth, the permeances for propylene and propane and the propylene/propane selectivity decrease with the increasing feed pressure in both single component and mixed gas permeation tests [78] . The change of permeances can be explained by the non-linear (Langmuir) adsorption isotherms reported for both molecules on ZIF-8 crystals [51, 52] . Yu et al. also reported a~30% decrease in propylene permeance and a large reduction of propylene/propane separation factor from 61 to 14 as the feed pressure was varied from 1 atm to 4 atm [68] . Even for a highly selective polymer hollow fiber supported ZIF-8 membrane prepared by Nair's group, the separation factor dropped from~180 to~90 as the total transmembrane pressure difference increased from 1 bar to 8.5 bar [94] . Similar pressure dependence of selectivity has also been reported by other groups, regardless of the different membrane quality, membrane preparation methods and supports used in these studies [106] . Since many of these membranes are of high quality with a separation factor above 50, the effect of defects on the selectivity can be excluded. Therefore, the decreasing selectivity as increasing feed pressure is most likely due to the pressure effects on adsorption isotherm and/or decreased diffusion selectivity caused by the structural flexibility of ZIF-8. Despite possessing the zeolite-like topology, there is increasing evidence that even at room temperature the aperture size of ZIFs could be affected by the rotation of ligands [56, 57] . As a result, the effective aperture size of the 6-ring window in ZIF-8 for molecular sieving is determined to be~4.0-4.2 Å, significantly larger than the value of 3.4 Å obtained from single-crystal XRD [52] . At a high feed pressure, the increasing loading of propylene and propane in the framework might further enlarge the effective aperture size, decreasing the diffusion selectivity for propylene/propane. However, the separation factor of the ZIF-8 membrane fabricated by the LIPS method stayed almost unchanged (~70) with the feed pressure increasing up to 7 bar [102] . This could be attributed to the improved microstructure of the ZIF-8 membrane which is partly present on the external surface of the support and partly confined in the support pores.
Long-term membrane stability under continuous operation is of practical importance [119] . Compared to many MOFs reported earlier, ZIFs in general possess improved chemical and thermal stability due to the strong bonds in their zeolite-like structure. However, recent studies have found that ZIF membrane, a thin film form of well-intergrown ZIFs, experienced certain degree of structural degradation during gas separation above ambient temperature and liquid separations involving water [120] [121] [122] [123] . For the separation of dry propylene/propane mixture at room temperature, excellent stability has been demonstrated by different groups. For example, Eum et al. reported stable permeances and separation factors for 30 days for continuous separation of an equimolar binary C 3 H 6 /C 3 H 8 feed at 25 • C and 1 bar feed pressure (Figure 11a ) [94] . Liu et al. have also shown that ZIF-8 membranes are stable under both on-stream propylene/propane separation and off-stream storage conditions [78] . More recently, stable propylene/propane separation performance in mixed gas separation tests under high feed pressure was demonstrated on the membranes made by LIPS method (Figure 11b ) [102] . Despite the adequate stability demonstrated in laboratories, more studies on membrane stability, especially under the presence of impurities in industrial gas stream such as water vapor and H 2 S, are still needed. 
Other ZIF Membranes for C3 Separation
Although ZIF-8 remains the most studied ZIFs for propylene/propane separation, it was discovered by Jeong's group that ZIF-67 (Co-substituted ZIF-8) membranes outperformed almost all previously reported ZIF-8 membranes [124] . Three types of ZIF-67 membranes were synthesized in their work: (1) Pure ZIF-67 membranes exhibited an average propylene/propane separation factor of ∼85; (2) ZIF-8/ZIF-67 composite membranes made by tertiary growth showed an unprecedentedly high separation factor of ∼190; and (3) ZIF-67/ZIF-67 bilayer membranes are also highly selective with a mixture separation factor of~160. On the other hand, the propylene permeability of ZIF-67 is similar to that of ZIF-8 membranes. As evidenced by the high selectivities, ZIF-67 might be inherently more selective to propylene over propane than ZIF-8. A blue shift was observed in the IR band associated with the Co-N stretching frequency in ZIF-67 as compared to Zn-N in ZIF-8, implying that Co-N bonds are more rigid than Zn-N bonds. NMR spectra also suggested that Co−N bonds are more ionic and thus stiffer than Zn−N bonds, consistent with the IR results. Therefore, it was hypothesized by Jeong and co-workers that the rigid Co-N connectivity could restrict the degree of ligand flipping motion, thus leading to slightly smaller effective aperture size and consequently higher selectivity. Their hypothesis was supported by molecular simulations which showed a dramatic increase of propylene/propane corrected diffusivities ratio as compared to ZIF-8 [125] . The combination of experimental and computational results suggested that ZIF-67 framework is a promising new candidate for propylene/propane separation.
ZIF membrane containing mixed linkers is a new type of membrane for propylene/propane separation [115] . In an effort to enhance the membrane permeance, Jeong's group performed partial exchange of the 2-methylimidazole ligand in the ZIF-8 membrane top layer with imidazolecarboxaldehyde (Ica, ZIF-90 linker) via postsynthetic ligand exchange (PSLE) [115] . The top Ica-exchanged ZIF layer can lead to a reduction in the effective thickness of ZIF-8 membrane, thus resulting in a 4-times increase in the propylene permeance (7.80 × 10 −8 mol·Pa −1 ·m −2 ·s −1 ) with only a small loss in the separation factor (Figure 12a,b) . 
ZIF Membranes for Ethylene/Ethane Separation
Enriching ethylene from ethylene/ethane mixtures is one of the most challenging separations in industry. Most membranes cannot achieve the productivity (permeability), efficiency (selectivity) and stability combinations required for C2 separation. Among the materials that has been explored, Koros identified carbon molecular sieve (CMS) membranes as a promising candidate for C2 separation as evidenced by their superior separation performance above the polymeric upper bound as well as good membrane processability [4] . Considering the high tunability of the membrane structure, ZIF membranes may provide another attractive alternative. However, there are only a limited number of studies on C2 separation using ZIF membranes, and the performances achieved thus far are rather moderate.
ZIF-8 Membranes for C2 Separation
ZIF-8 membranes have been shown to be highly selective for propylene over propane, but their ethylene/ethane separation capability is quite limited. Caro and co-workers studied the ethylene/ethane separation properties of a 25 µm thick ZIF-8 membrane prepared on asymmetric titania support [126] . A moderate separation factor of 4.2 and~2.5 were observed in single component and mixed gas permeation tests, respectively. These values are slightly larger than the membrane selectivities predicted from the adsorption and diffusion selectivity based on adsorption uptake measurements on large ZIF-8 single crystals. Based on gas permeation measurements and isotherm data, Pan et al. obtained the thermodynamically corrected diffusivities of light hydrocarbons and the ethylene/ethane diffusivity selectivity was calculated to be~8 [126] . Lin's group systematically studied the ethylene/ethane transport characteristics of ZIF-8 membranes in single and binary gas mixtures under different conditions [127] . The ethane/ethane selectivities are between 1.5 and 3 under all testing conditions. In the temperature range from 25 • C to 100 • C, the permeances of ethylene and ethane decreased as the increase of temperature because the activation energies of diffusion for ethylene and ethane (11.7 and 13.2 kJ/mol) are lower than their respective heats of adsorption (16.2 and 17.1 kJ/mol). In the pressure dependence tests, C2 ideal selectivity increases with pressure while the binary separation factor decreases due to the different isotherms for single gas and binary C2 adsorption. The low membrane selectivity observed for ZIF-8 membranes in these studies can be explained by the low diffusive selectivity offered by the 4.0-4.2 Å pore window of ZIF-8 which is larger than the molecular diameters of C2 molecules (van der Waals diameters: ethylene = 3.59 Å, ethane = 3.72 Å).
ZIF-7 Membranes for C2 Separation
It can be expected that a slight reduction in the ZIF-8 pore size could lead to improved molecular sieving for ethylene and ethane. Hence, ZIF-7 is potentially a good candidate for C2 separation. ZIF-7 also possesses a SOD topology and is constructed by zinc ions linked by benzimidzole (bIM) ligands. The bulky benzene rings in the ligand narrows the crystallographic aperture size of ZIF-7 to~3 Å, slightly smaller than that of ZIF-8 (~3.4 Å). Synthesis of high quality ZIF-7 membranes has been well documented. ZIF-7 membranes were first synthesized on alumina supports by Li, Caro, and their co-workers using a microwave-assisted secondary growth technique (Figure 13a-c) [128] . In binary mixture separations, the membrane exhibited a H 2 /N 2 and H 2 /CH 4 separation factor of 7.7 and 5.9, respectively (at 200 • C and 1 bar feed pressure), both are higher than their corresponding Knudsen selectivities (3.7 and 2.8, respectively). In their following study, ZIF-7 membrane exhibited a high H 2 /CO 2 mixture separation factor of~13 at 220 • C and excellent hydrothermal stability in the presence of steam, demonstrating great potential for hydrogen production and recycling applications such as water-gas shift membrane reactor [129] . In order to address the drawbacks of low reproducibility and scalability, Kim's group developed a novel direct spraying approach for the synthesis of well-intergrown ZIF-7 membranes in a facile and time efficient (<20 min) manner [130] . Their method is based on the electrostatic force-assisted spraying to deposit fine liquid droplets of ZIF-7 precursors on the surface of heated alumina supports, directly forming a membrane layer. The membrane thickness can be controlled from 2 µm to 22 µm by adjusting the sprayed volume of the precursor solution and deposition time. The ZIF-7 membrane prepared by this method showed a H 2 /CO 2 separation factor of 9.6 and a H 2 permeance of 4.61 × 10 −7 mol·Pa −1 ·m −2 ·s −1 at 25 • C, 4-10 times higher than the previously reported ZIF-7 membranes. Both H 2 and CO 2 permeances decrease as the increase of temperature while the separation factor increased to 18.3 • C at 150 • C. The high membrane performances, combined with the good reproducibility and scalability, make this direct spraying approach an intriguing method for the fabrication of ZIF membranes. Unfortunately, these studies on ZIF-7 membranes focused on hydrogen separation, and the ethylene/ethane separation properties of ZIF-7 membranes have not been reported.
In contrast to most microporous molecular sieves, Gascon and co-workers found that ethane is selectively adsorbed over ethylene on ZIF-7 through a gate-opening effect (Figure 14a-c) [131] . The rotational freedom of the ligands in ZIF-7 allows molecules larger than 3 Å, such as ethylene and ethane, to enter the pores. The interaction between the linkers and adsorbates strongly affects the ligand conformation and hence results in a gate-opening effect, in which the uptake and release of different molecules is controlled by specific threshold pressures, leaving a window of selective adsorption operation [56, 57, [132] [133] [134] . For the case of C2 molecules, ethane molecules can enter the pores of ZIF-7 at lower pressures than ethylene because the methyl groups fits best in the largest opening of the ZIF-7 cage. As a result, ZIF-7 adsorbents showed remarkable ethane selectivity in binary adsorption breakthrough experiments. This interesting gate-opening effect proves to be effective in discriminating molecules of very similar size and suggests the potential of ZIF-7 membranes for ethylene/ethane separation. Since robust synthesis approaches have already been established, it can be expected that the C2 separation properties of ZIF-7 membranes will soon be reported. 
Mixed-Linker ZIF Membranes
ZIFs containing multiple linkers, which can be obtained through post-linker exchange or direct incorporation of mixed linkers into the framework during synthesis, possess unique structures and properties that are unavailable from single-linker ZIFs. By using progressively bulkier linkers, ZIFs with extra-large pore openings and cages were synthesized by Yaghi's group and used for the removal of octane and p-xylene from humid air [135] . On the other hand, Nair's group demonstrated the continuous tuning of the effective aperture size, hydrophilicity, and organophilicity of ZIFs using mixed-linker ZIFs containing 2-methylimidazole (ZIF-8 linker) and 2-carboxyimidazole (ZIF-90 linker) [136] [137] [138] . Variation of the linker composition allows control of the n-butane and i-butane diffusivities and the n-butane/i-butane diffusion selectivity over several orders of magnitude. The mixed-linker ZIFs with tunable adsorption and diffusion properties provide a new platform for molecular separations. More recently, Jeong's group successfully adapted this approach for the synthesis of mixed-linker hybrid ZIF membranes consisting of 2-methylimidazolate (ZIF-8 linker) and benzimidazolate (ZIF-7 linker) linkers, termed ZIF-7-8 membranes (Figure 15a-c) [139] . Both H 2 /CH 4 and CO 2 /CH 4 separation factors increase gradually as more bIM is incorporated into the framework, suggesting the reduction of the effective membrane pore size caused by the increasing incorporation of bulky benzimidazolate linker. Considering its pore size range, ZIF-7-8 membrane is potentially a good candidate for ethylene/ethane separation. 
Conclusions and Outlook
ZIF molecular sieve membranes represent a promising separation technique for olefin/paraffin separation. The propylene/propane separation performances of ZIF-8, ZIF-67, and mixed linker ZIF membranes have well surpassed the upper bound of polymer and other microporous inorganic membranes. High quality ZIF membranes can be fabricated on porous ceramic and polymeric supports of flat sheet, tubular, or hollow fiber geometries through a variety of conventional and emerging methods. In situ synthesis and seeded growth, originally developed for the synthesis of zeolite membranes, have been successfully adapted to grow continuous ZIF membranes. Counter-diffusion synthesis is capable of producing membranes with enhanced microstructure and separation property and healing the defects in a defective membrane. Interfacial microfluidic processing allows for the controllable formation and location of ZIF membranes on polymer hollow fibers and offers the potential to realize scalable molecular sieving membranes. Vapor-phase processing based on atomic layer deposition technology has established a reliable, scalable, solvent-free approach for the fabrication of ZIF and possibly other MOF membranes. ZIF membranes prepared by fast current driven synthesis possess suppressed linker mobility and drastically enhanced selectivity. In addition, ZIF membranes have demonstrated good stability for the continuous separation of propylene/propane mixture under dry conditions. ZIF-8 membranes have been extensively studied and their excellent propylene/propane separation properties have been well documented. Despite the promising energy savings, there are thus far no industrial gas separations using ZIF-8 membranes. Future efforts are needed to overcome the barriers for practical applications, such as improving the reliability and scalability of membrane processing, reducing membrane cost and evaluating the membrane performance and long-term stability using real industrial gas streams. On the other hand, further enhancement of the propylene/propane separation performance appears to be limited by the framework flexibility of ZIF-8. Very recently, ZIF membranes containing unconventional ZIF-8 structures prepared by the ligand-induced permselectivation and fast current driven synthesis approaches exhibited much enhanced molecular sieving capability than other ZIF-8 membranes. The full potential of these two methods needs to be further explored. Compared to ZIF-8, ZIF-67 possesses a much higher intrinsic propylene/propane selectivity attributed to the more rigid framework. Owing to the structural similarities, it is expected that many processing methods developed for ZIF-8 membranes are applicable to ZIF-67 membranes. This could lead to the creation of a new membrane system with enhanced separation properties.
In contrast to the unique propylene/propane separation property, all ZIF membranes reported have failed to outperform polymer and CMS membranes for the separation of ethylene and ethane. New ZIF crystal structures should be explored to identify the desired pore structure and pore size regime for ethylene/ethane separation. The recent progress on the successful design and synthesis of mixed-linker ZIF membranes with tunable pore size has added another dimension to tune the molecular sieving properties of ZIF membranes. It is worth noting that membrane selectivity is determined by the product of diffusion selectivity and sorption selectivity. Considering the difficulties of achieving high ethylene/ethane diffusion selectivity, increasing the preferential adsorption of ethylene by tailoring the chemistry properties of ZIF membranes could be a more effective approach to enhance the ethylene/ethane membrane selectivity. Because of the huge number of ZIFs available and the high tunability of their pore size and chemistry properties, it can be expected that new ZIF membranes with superb ethylene/ethane separation properties will be synthesized.
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